Abstract -The reliable diagnostic of non-adjacent rotor bar breakages in induction motors based on the analysis of currents is still an unsolved industrial problem. The traditional MCSA has not proven to be robust enough for assessing the rotor condition under this situation; this is due to the fact that the joint effect of breakages located at certain relative positions can be subtractive rather than additive, leading to decrements in the fault harmonics amplitudes rather than incrementing them. This work takes advantage of the potential of the novel Filtered Park's/Extended Park's Vector Approach (FPVA/FEPVA); this method has proven to overcome some constraints of the traditional Park's Vector-based methods: in this work, it is proven how this method can also reliably assess the rotor condition even if non-adjacent breakages are present. The userfriendly results obtained with the method confer it a great potential for its future implementation in autonomous fault diagnosis devices. Although cage induction motors are very reliable machines, they are prone to suffer several types of failures as stator insulation faults, bearing damages, rotor failures, core defects, etc. The extensive utilization of these machines justifies the development of reliable techniques for the detection of these possible failures, even when these faults are in their early stages of development.
I. INTRODUCTION
INDUCTION motors are the most widespread rotating electrical machines in industry. They are considered as the 'workhorses' of the industrial sector by many authors [1] . Although cage induction motors are very reliable machines, they are prone to suffer several types of failures as stator insulation faults, bearing damages, rotor failures, core defects, etc. The extensive utilization of these machines justifies the development of reliable techniques for the detection of these possible failures, even when these faults are in their early stages of development.
Rotor cage damages account for less than 20% of the possible faults in induction motors [1] , [2] . However, this type of fault is more common in large motors that operate under heavy duty cycles and that start under high-inertias. These are, indeed, the most critical machines and those with a most difficult and expensive repair [3] , [4] . On the other hand, despite in most cases rotor damages require relatively long times to develop, so that the machine can still operate although the fault is present, some cases of catastrophic effects of this failure have been also reported [3] , [5] . In these situations, the consequences of the forced outage of the machine have been very serious: huge economic losses, production downtimes, repair times, user safety hazard, etc. These factors have justified the great effort spent in the development of techniques for reliably diagnosing this type of faults.
Traditionally, methods based on analysis of currents have been employed to assess the rotor condition of induction motors. The traditional method, known as Motor Current Signature Analysis (MCSA), is based on capturing the current demanded by the machine during steady-state operation and on the further application of the FFT to evaluate the amplitudes of different families of components that are amplified by the fault [1] , [6] , [7] . The most relevant of these components are the well-known sideband harmonics with frequencies given by f·(1±2·s) (f=supply frequency and s=slip) [1] . Despite MCSA has provided satisfactory results when assessing the rotor health over years, it also has serious disadvantages. One of these drawbacks is the fact that it can lead to eventual false indications (either positive or negative) in many situations that, on the other hand, may be rather common in industry. In this regard, recent works have reported possible false indications of MCSA in the case of presence of pulsating load torques [8] , [9] , existence of rotor cooling ducts [4] or magnetic core anisotropy [10] , diagnosis under low-slip conditions [9] or presence of broken outer bars in double cage rotors [11] , among others. In these situations, alternative approaches such as the analysis of the power signature [12] , [13] , motor startup current [4] , [9] , [11] , the application of the modified Prony method [14] , or off-line methods [10] , [15] have been proposed to overcome the MCSA problems, showing very high potential.
One of the cases where the application of MCSA has frequently led to false negative indications is the presence of non-adjacent broken bars in the rotor cage. In previous works it was proven that when two bars are broken in the rotor cage, if their position is non-adjacent, their effects can partially compensate [16] ; this is, rather than leading to an increase in the amplitude of the sideband harmonics, in comparison with the one-broken bar situation, the joint effect of the two broken bars can be a reduced sideband that can be even comparable to the amplitude under healthy conditions [16] . This situation was deeply studied and theoretically justified by many authors: in [17] , [18] , the difficulties of current analysis for detecting bars fractured at intervals of /2 electrical radians were already pointed out. Other works as [19] proved that the amplitude of the lower sideband harmonic strongly varies with the relative position between the broken bars; this work stated that for certain positions, the effect of two breakages can be lower than that of a single breakage. [20] , [21] also dealt with this issue by developing models where the case of nonadjacent breakages is taken into consideration. In [22] a thorough study of the induction motor with non-adjacent broken bars is carried out. Finally, in [16] a physical analysis of the air-gap magnetic anomaly for the case of any double bar breakage is performed. In that paper, simple expressions for the approximate calculation of the lower sideband amplitude as a function of the relative position of the broken bars are deduced.
Though some approaches with certain promising potential have been proposed to overcome this situation [23] , up to now, no method has been proven to be enough reliable to detect and evaluate the severity of the aforementioned fault.
In this paper, the authors propose the application of a procedure based on the Filtered Park's and Filtered Extended Park's Vector Approach (FPVA and FEPVA, respectively) to reliably diagnose broken rotor bars fault in induction motors, even when these are non-adjacent. The method relies on the monitoring of higher harmonic index of the Park's vector. The work relies on experimental data and the results prove the method's effectiveness and reliability. Moreover, unlike other techniques, this method provides a completely user friendly output that enables to clearly identify the fault condition, even by non-expert users. This confers a great potential for the future implementation of the method in real industrial systems as well as for facilitating the automation of the diagnosis process, which is a crucial aspect for implementation in portable condition monitoring devices.
II. THE FPVA AND FEPVA PROCEDURE
The traditional PVA [24] , as well as later methods derived on it [25] , rely on the monitoring of the three-phase or line currents of the IM namely: , , 
Under ideal conditions, i. e. for a healthy three-phase IM, fed by a direct three-phase sinusoidal voltage supply system, the three phase currents lead to a Park's vector with the following components: . The appearance of these harmonics in the current spectra will cause an increase of the Park's Vector ring thickness [26] . The above described technique is simplified due to the fact that it considers pure sinusoidal shape of the IM currents. In reality, each phase/line current ph i contains the following terms for an ideal IM:
where:
( ) In real induction motors more harmonics are expected to show. This is due to the fact that the manufacturing process can introduce certain asymmetries such as static and dynamic eccentricity, different resistance of windings, high resistance connections. Also, the supply is not ideal and this will also impact the harmonic index of the produced magnetic field.
Furthermore, the proposed strategy is the following: the three phase current waveforms are firstly monitored. This can be done via a simple and non-invasive way, provided that the access to the phase currents is available. The sampling frequency addopted in this work has been 5 kHz. The next step is to calculate the Park's Vector components. At this point, an elliptic filter is applied to cutoff frequencies greater than 270 Hz in both d and q current components. Afterwards, the fundamental component is filtered using a notch filter. The Filtered Park's Vector is then represented. This can be the first indication of the fault's existence from the operator point of view. Finally, the modulus of the Filtered Park's Vector is calculated and its spectrum is studied with the application of the FFT to determine the severity of the fault.
For the experimental testing, six identical 3-phase, 4-pole induction motors are used: one with healthy rotor cage, one with a broken rotor bar, one with two adjacent broken rotor bars and three more with different distances between the two broken rotor bars. The motor characteristics are shown in Table I whereas the test bench is illustrated in Fig. 1 .
Moreover, the separate motor cases have been named as follows to improve clarity: 
III. FPVA REPRESENTATION RESULTS
Following the steps described in the previous paragraph, the results from the application of this method will be demonstrated here. Firstly, the three stator phase currents are monitored and then the d and q components are calculated. The frequency spectrum of the d current is shown in Fig. 2-a . Secondly, the elliptic filter is applied to cutoff frequencies higher than 270 Hz (Fig. 2-b) . Then the notch filter is applied and the final spectrum of the d current is shown in Fig. 2-c . Similar is the process to create a filtered version of the q current component. The notch filter affects the amplitude of the harmonics close to the 5 th current hrmonic but the impact is low. It can be seen in Fig. 2-c The FPVA consists of the representation of the filtered d and q components of the Park's Vector. The occuring results are shown in Fig. 3 for all studied cases. The healthy motor has blue colour whereas all faulty cases have red. The lack of any broken bar fault related harmonics leads to a clear family of ellipses for the healthy induction motor case. If the motor was bigger, the width of the ellipsis would be even more concentrated. In this case the motor is small and thus more affected by strong inherent asymmetries. However, the representation agrees with the expectations.
In the faulty cases, it is now clear that the fault existence strongly affects the FPVA representation. The co-existence of the broken bar fault related sideband signatures next to the third and fifth harmonics, as well as the existence of the fundamental harmonic's broken bar fault related sidebands disturbs the symmetry of the FPVA representation. The ellipses can be seen in the case of one broken rotor bar fault case but they have started losing their concentration. Furthermore, all cases related to two broken bars (Fig3-c, d , e, f) result to configurations without the characteristic ellipses presence.
In a real industrial case, the visual inspection of a FPVA representation by non-expert personel can lead to a first reliable diagnostic alarm regarding broken bar fault existence. After the visual confirmation of the fault's existence, a more thorough procedure will follow to determine with accuracy the broken rotor bar fault existence and severity. The next step of the proposed methodology is to calculate the Park's Vector Modulus using the filtered d and q components. Then the frequency spectra of the Park's Vector Modulus is calculated and studied. This is the FEPVA application step.
In Fig. 4 the results from the application of the FEPVA on all studied induction motor cases are illustrated. There is a variety of harmonics which increase with the fault existence. The FPV representation took into account the 5 th and 7 th higher harmonics of the current due to the strong broken bar fault signatures that are produced around them [28] - [29] . The existence of the above stator MMF produced current harmonics leads to the existence of a strong harmonic existing at in the FPV modulus. More specifically, one can observe the increase of the components located at: , k=1,2,3,4,5 and , n=1,2. However, it is evident that the amplitude of each harmonic varies depending on the relative position between the two broken bars. Aiming for an improved insight, all harmonics amplitudes have been collected and presented in the upper part of Table II . Very strong variations were observed in the original data. This was caused by the amplitude difference of the harmonic between the studied cases. This difference is caused by supply imbalances which are very strong due to the small size of the studied motors. However, to properly evaluate the findings all signatures have been normalized in each case by the amplitude. The normalized data are shown in the lower part of Table II. A closer look to the normalized data of Table II reveals that, none of the harmonics can stand on its own as a reliable fault level severity indicator. For example, the (1 st column) has insignificant amplitude in the healthy motor. The increase of this harmonic is low for b1, b1_2 and b1_3 cases. Then it increases a lot for the b1_4 motor and drops a lot in the b1_5 one. Similar differences are observed using the other signatures. In some cases, it is difficult to discriminate the senario with one broken rotor bar from some senarios of two broken rotor bars. In the end, the impression is that a single signature is not reliable enough to detect the broken bar fault severity. This is not illogical since each one of the broken rotor bar fault related harmonics is produced by a different physical mechanism. For example, the interaction between the main stator field and the sfs rotor field will lead to the well known and fault signatures. However, the higher magnetic field will cause the production of the fault related harmonic, which will be more rotor saturation sensitive. The harmonics located to the right of the are well known to be produced by the interaction of the broken bar fault and the speed ripple effect as it has been shown in the past in [27] . interaction between the stator magnetic field and the broken bar fault related rotor magnetic field. The two signatures located to the right of the are related to the speed ripple effect. In our case the speed ripple effect is very important because it is directly related to the relative position of the broken rotor bars. The resulting indicator is shown in Fig. 5 . It is clear that the fault severity level is now evident. 
IV. CONCLUSIONS
In this work, a new procedure has been adopted and presented aiming to the reliable detection of non-adjacent broken rotor bars. The new approach has three stages. In the first stage the application of the FPVA can lead to a fast diagnostic alarm regarding the fault's existence. Then the FEPVA is applied which consists of the analysis of the filtered Park's vector modulus spectrum. Finally, a new indicator is calculated using specific signatures' amplitudes occuring from the FEPVA. It has been shown that this indicator is able to discriminate with reliability and accuracy the different faulty conditions and adjust the fault level severity independently from the broken bars relative position.
